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(S) Endothermic reaction apparatus. 

@ A reaction apparatus comprising : a reaction vessel (10) for effecting an endothermic reaction, and at 
least one heat generating means (30,34) for heating said reaction vessel, said heat generating means 
enclosed by said reaction vessel ; said reaction vessel having an input means (22) for feeding a feed gas 
to be subjected to the endothermic reaction which results in a product gas into said reaction vessel, and 
discharge means (24) for removing product gas from said reaction vessel ; and said heat generating 
means comprising at least one ceramic combustion tube (30) concentrically surrounding a fuel feed 
tube (34) which extends at least partially along the length of and inside said combustion tube, said heat 
generating means having means (36) for supplying fuel to said fuel feed tube and air (40) to said 
combustion tube whereby said fuel will combust in said combustion tube and generate heat which is 
transferred into said reaction vessel by said combustion tube, and means (54) for removing exhaust 
gases from said heat generating means. 
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BACKGROUND OF THE INVENTION 

The present invention relates to apparatus used in conducting endothermic reactions, and particularly to 
furnaces for reforming light hydrocarbons, especially mixtures of steam and/or carbon dioxide and light hyd- 
5 rocarbons. 

Hydrogen for use in ammonia synthesis, methanol synthesis or hydrocracking plants, is frequently pro- 
duced in a process using the following endothermic reforming reaction: 

10 catalyst 

CH4 + H2O ^ CO + 3H2 

Heat 

The hydrocarbon can be methane, which is shown in the above reaction, or other light hydrocarbons, or mixtures 
15 of these such as natural gas. The same reactions may also be employed where the desired product ts CO or 
both CO and H 2 . Another endothermic reaction is the conversion (pyroiysis) of ethane to ethylene which also 
produces the by-product hydrogen (H2), and this reaction requires heat only, usually about 950°C and 3 atmos- 
pheres pressure, but needs no catalyst The catalyst over which the methane reaction is earned out is, for 
example, nickel on an inert support, such as alumina, and is contained usually in vertical tubes which are sup- 
20 ported in a furnace frequently called a "reforming furnace". Reforming furnaces are disclosed or schematically 
shown in the process flow diagrams of U.S. Patent Nos. 3,132,010; 3,264,066; and 3,382,044. 

The tubes in the usual reforming furnaces extend vertically with reactants being fed by a manifold to one 
end of the set of tubes and product-rich gases being withdrawn from the other end of the tubes. Because the 
reforming reaction occurs at a high temperature and is endothermic, heat must be supplied to the tubes to heat 
25 the reactants. The reaction is carried out in the tubes at a high temperature of about 1500°F and at a pressure 
of about 1 50 to 450 psig. 

Various efforts have been made to improve the performance of the reforming furnace or to improve the 
structure of the furnace to facilitate the maintenance and operation of the furnace. For example, U.S. Patent 
No. 4, 161 ,510 to A. J. Edridge teaches the use of a ceramic paint coating on the exposed surface of the reform- 
at ing tubes in which the reaction is conducted, the paint being reflective to reduce fissure creep of the tubes. 
U.S. Patent No. 4,71 4,593 to A. Naito et ai. teaches a reforming apparatus which uses a catalyzed heat generat- 
ing apparatus to achieve miniaturization of the furnace. U.S. Patent No. 4,810,472 to S.P. Andrews et al. 
teaches a reforming apparatus which employs closed ended, double pass, externally heated, metal reformer 
tubes, also known as bayonet-tubes with controlled heat exchange between the product gas stream and the 
35 reactant stream across the wall of the tube. 

Apparatus is also known which employs ceramic tubes for carrying out gas reactions in those ceramic 
tubes. For example, U.S. Patent No. 2,987,382 to F. Endter et al. discloses such a ceramic tube furnace. 
Further, U.S. Patent No. 2,018,619 to F. Winkler et al. teaches tubes made from material containing elementary 
silicon which may be embedded in other gas-tight tubes and which prevents carbon formation in carrying out 
40 pyrogenic conversion of hydrocarbons. 

Known reforming furnaces are large and expensive, when measured as per unit of capacity, have tube lives 
shorter than would be desired, are prone to carbon deposition ("coking"), and must be frequently operated at 
temperatures below the ideally preferred values (for most efficient reactivity) due to the creep and corrosion 
behavior of their reforming tubes. 

45 

SUMMARY OF THE INVENTION 

The present invention employs a ceramic tube burner design which is enclosed by the reaction vessel in 
which the endothermic hydrocarbon reforming reaction takes place. This can be contrasted to with the usual 

so prior art apparatus in which the reaction is done in the tube and the heads supplied externally. The present 
design allows for a more compact apparatus which can employ a large number and high density of burner tubes 
and can operate at high temperatures and pressures to achieve high conversion of the hydrocarbon with high 
thermal efficiency of the process. Further, the materials of construction permit good operation with moderate 
steam-to-carbon ratios and minimal coking. The apparatus of the present invention allows for the use of rela- 

55 tively low-temperature seals. 

The reaction apparatus of the present invention includes a reaction vessel for effecting an endothermic 
reaction, having an input for feeding the feed gas mixture into the reaction vessel, and a discharge for removing 
the product gas from said reaction vessel and at least one heat generating means for heating said reaction 
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vessel and being enclosed by said reaction vessel. The reaction vessel may contain a catalyst bed at least 
partially ^ filling the reaction vessel to facilitate the endothermic reaction to produce a product gas. The heat 
generating means comprises at least one ceramic combustion tube concentrically surrounding a fuel feed tube 
which extends at least partially along the length and inside of the combustion tube. The heat generating means 

5 has inlets means for supplying fuel gas and air so the fuel gas and airwill combust in said heat generating means 
and the heat which is generated will transfer from the heat generating means into the reaction vessel, and an 
exhaust outlet for removing the combustion exhaust gases from said heat generating means. Preferably, the 
feed gas mixture enters the reaction vessel at one end and the fuel gas and air enter the heat generating means 
at an opposite end from the feed end so that the flow of the reaction gases and the combustion gases are coun- 

1Q tercurrent 

It is an object of the present invention to provide an improved apparatus for conducting endothermic reac- 
tions, such as reforming light-hydrocarbons, and which will provide improved conversions, energy efficiency 
and maintenance. 

The present invention will become more apparent from the* following description taken in conjunction with 
15 the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a cross sectional representation of the reforming apparatus of the present invention. 
20 Figure 2 is a cross sectional representation of the reforming apparatus of Figure 1 taken along lines 2. 

Figure 3 is a cross sectional representation similar to Figure 2 but showing another embodiment of the pre- 
sent invention. 

Figure 4 is a cross sectional representation, similar to Figure 1 , of another embodiment of the invention 
which uses a perforated fuel feed tube. 
25 Figure 5 fe a cross sectional representation of yet another embodiment of the present invention, which uses 

a bayonet combustion tube. 

Figure 6 is a block diagram of a methane reforming process which Hlustrates the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

The present invention is described more specifically with reference to the following preferred embodiments. 
The reaction apparatus 10 is shown generally in Figure 1. Although it is oriented vertically, it should be 
appreciated that it could be operated horizontally, and so is not limited to a particular orientation. The apparatus 
comprises a steel shell 12 lined inside with a refractory insulation material 14 having a bottom plate 16 (which 
may also be referred to as a tube sheet) sealed, by gaskets and bolting or the like, to the steel shell, and a top 
plate 18 (or top tube sheet), which together define the reaction vessel. The bottom plate 16 supports a catalyst 
bed 20 through which passes one or more combustion tubes 30, which are made of a ceramic material and 
are sealed to bottom plate 16 and top plate 18. The shape of the reformer 10 is generally cylindrical and could 
be described as somewhat similar in construction to a shell and tube heat exchanger. The ceramic burner tubes 
are sealed to plates 16 and 18 by a hollow screw (not shown) threaded into the tube sheet at the end of the 
tube in combination with a steel pressure ring which expands a graphite seal, preferably a graphite foil spiral 
wrapped annular cylinder seal (such as Grafofl brand fo8 from Union Carbide). These seals 32 will hold the 
combustion tube in place, and contain the much higher shell side gas pressures, yet allow it to expand thermally 
and individually without significant gas flow leakage past the seals. Also, it may be desirable to apply an axial 
compressive force orpreload to each tube, which will tend to neutralize or subtract from the axial tensile stres- 
ses produced by heat flow, by incorporating, e.g., in the tube seal assembly a stack of Belleville type springs 
(not shown) or the like. Alternatively, the seals could be held in place by a device which also provides the axial 
compressive force. A feature of the present destg n is that it allows for the use of lower temperature seals where 
the combustion tube or tubes are joined to the tube sheet 

Steel shell 12 has one or more feed inlets 22 tor passing the feed gas mixture which is to be reformed into 
the reformer and down through the packed bed 20 to exit through one or more product outlets) 24. The feed 
gas mixture, for example, may be a mixture of natural gas and steam if the endothermic reaction is methane 
reforming reaction, although the mixture could be natural gas and water, which converts to steam in the reactor, 
or only natural gas, with the steam coming from water fed separately into the reactor. As can be appreciated] 
other combinations of feed mixtures can be introduced. As illustrated in Figure 1, the catalytic bed 20 which 
can be nickel on an alumina, inert support, or other appropriate catalyst, could include an inert section or zone 
26, or the entire bed could consist of a single catalyst material or plural catalyst materials. In fact, the apparatus 
could be operated without a catalyst for some endothermic reactions. 
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Located concentrically inside combustion tube 30 is a fuel feed tube 34, which can be made from a metal 
alloy or a ceramic material. Fuel feed tube 34 is fixed to,outer plate (or tube sheet) 35 by welding, using an 
o-ring or graphite foil seal 37. Fuel is fed from inlet 36 into fuel inlet manifold 38 to fuel feed tube 34. Air is fed 
via air inlet 40 to air inlet manifold 42 which is defined by outer plate 35 which is spaced apart from tube sheet 
5 16 and which communicates with combustion tube 30 via annular inlet 44 so that air will flow in the annular 
space between the outer wall of fuel tube 34 and the inner wall of combustion tube 30. The combination of com- 
bustion tube 30 and fuel feed tube 34, constitute the heat generating means for the reactor. 

The fuel gas is any clean fuel to which sufficient water vapor has been added (if necessary} to prevent cok- 
ing prior to its combustion. If the fuel contains a high carbon level, it will require some preheating to maintain 

10 the necessary humidity level without condensation. 

A resistance heating coil 46 is used inside the outer shell wall 12 of the reactor for cold starting the reactor. 
The resistance heater will preheat the adjacent zone to approximately 600°C (which will or less, depending 
upon the specific fuel being used), at which point auto-ignition of the fuel and air can occur. It may be necessary 
to flow air through until preheating is complete when the gas can be introduced to produce ignition in flame 

is zone 50. The exhaust from combustion tube 30 is collected in exhaust manifold 52 and passes out exhaust 
outlet 54 which is in communication with manifold 52. 

The ceramic combustion tube 30 is preferably made from sintered allumina and can be made by any of 
the various, available processes for making and shaping dense (impervious) ceramic bodies. Also, there is no 
criticality in the use of alumina and other ceramic compositions can be used. For example, U.S. Patent No. 

20 4,346,049 to J .A. Coppola et al. teaches a silicon carbide composition and process for producing sintered alpha 
silicon carbide ceramic bodies, the teachings of which are incorporated herein by reference, and such could 
be used to make the ceramic tube. Other ceramic compositions that could be employed include silicon nitride, 
aluminum nitride, sialon, or the like. The exact material preferred will depend upon the reactants and reaction 
products involved in the process, as well as temperature and pressure conditions. 

25 The steel shell 12, bottom plate 16, top plate 18, manifolds 38 and 52, and outer plate 35 are preferably 

made of conventional pressure-vessel steel which is designed and rated for the reformer internal pressure of 
up 1200 psi or more and for temperatures of up to about 350°C. The refractory insulation 14 is preferably an 
erosion-resistant low-conductivity type insulation such as an alumina composition with expansion joints used 
as required. The refractory should be rated for at least 1300 e C continuous duty. 

30 Figure 2 shows a cross section of reformer 10 along lines 2-2 in Figure 1. As can be seen fuel tube 34 is 

located concentrically within combustion tube 30 which in turn is surrounded by catalyst bed 20 inside insulated 
steel shell *\2. The heat from combustion tube 30 will be transferred into catalyst bed 20 for effecting the 
endothermic reaction to reform the mixture of steam and light hydrocarbons. The use of external pressure sur- 
rounding the combustion tube 30 has the very significant advantage of placing the tube in a compressive stress 

35 state, where ceramics are much stronger than they are in tension. 

As shown in Figure 3, the design could consist of more than one burner tube with Figure 3 illustrating seven 
burner tubes in an appropriate pattern. The invention is not limited to the use of one or seven, and is contem- 
plated that as many as many thousands of combustion tubes could be incorporated in an appropriate size refor- 
mer apparatus. The use of small-diameter ceramic combustion tubes and graphite foil seals facilitates a denser 

40 packing of burner tubes than has been previously available in prior art apparatus. 

The air supplied to inlet 40 could be supplied by a blower or a compressor depending upon the desired 
pressure drop, heat transfer requirements, and operation employed. A compressor will generate a higher inlet 
pressure than a blower, however, the cost of operating a blower would be less than operating a compressor. 
Also, it may be desirable to preheat the airfed to the heat generating means. Although no preheater is illustrated, 

45 such devices are known in the art and are commercially available. If desired, the exhaust flow could be expan- 
ded (with possibly some added heat) through a gas turbine to drive the air compressor. 

The apparatus shown in Figures 4 and 5 are basically similar to that shown in Figure 1 in that they include 
the shell 12, which contains a catalyst bed 20, and has feed inlet 22 and product outlet 24. The difference in 
these embodiments lies in the design of the heat generating means, although in each case, it is enclosed by 

so the reaction vessel. 

As shown in Figure 4, combustion tube 30 has a feed gas tube 60 which has perforations or holes 64 at 
spaced intervals along its length and has one end 66 plugged or otherwise closed, in this way, fuel fed via inlet 
36 into manifold 38 will pass down tube 60 until it exits via the perforations 64. When the reactor is at its operating 
temperature, the fuel will mix with the airfed via inlet 40 to manifold 42 and into the burner zone 68 and auto- 
55 ignite to heat the reactor. Note that plug 66 need not resist very hot temperatures and thus could be made of 
graphite or heat resistant organic cement Other methods for the staged introduction of the fuel could also be 
employed. 

The design in Figure 5, differs in that the heat generating means is a bayonet type heat generating means. 
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In this design, the tube sheet is replaced by an insulated vessel closure 70 and the combustion tube is a closed 
end tube 80 sealed to plate 1 8. The combustion tube is shown with a closed end but it could be a plugged design 
as shown in Figure 4. The fuel is fed via fuel inlet 82 to fuel feed tube 84, while air is fed via air inlet 86 to air 
feed tube 88. At operating temperature, the fuel will auto-ignite in flame zone 90 to produce the heat for con- 
5 ducting the endothermic reaction. The exhaust gases will pass up combustion tube 80, as shown by arrow 92 
to manifold 52 where they exit the apparatus via exhaust line 54. 

In general, for the apparatus of the present invention, the combustion tubes require a length to inside diame- 
ter ratio of typically 500 to 700 in order to achieve the required heat transfer per unit of flow volume for a natural 
gas plus steam reforming application. Even higher ratios are needed, it the reactor is to operate with low tem- 
10 perature differentials. 

The preferred tube separation distance is quite small; for example 0.3 to 0.5 inches. It is limited by the 
required sizes of the seals and their associated threads and the need to have some small distance between 
these threads. Small distances lead to smaller vessel sizes and improved shell-side heat transfer. 

The number of tubes in a single reactor could be as few as one to as many as 1 0,000 or more. Larger reac- 
ts tors will require thicker pressure-vessel walls, but will save on installation costs. 

The preferred tube wall thickness will depend upon tube strength, corrosion rates, and diameter. The use 
of external pressure will permit the use of relatively thin walls, since ceramics are much stronger in tension than 
compression. 

The preferred combustion tube inside diameter is usually equal to the tube separation distance (expressed 
20 as inside tube to inside tube surface). Thus, if the separation distance were 0.4 inches, the preferred tube ID 
would be 0.4 inches for a centeriine spacing of 0.8 inches. An equilateral triangular tube arrangement is pre- 
ferred for maximum packing density. 

For example, one design could use 10,000 tubes, each 0.4 inch ID x 0.5 inch OD x 20 feet long on 0.8 inch 
triangular pitch. The bundle diameter would be about 7 feet and the total inside-surface area would be about 
25 20,900 square feet 

The base-case embodiment employs a fuel and air stream entering the reactor at the same end where the 
process gas exits and flowing countercurrent to the process gas, with the exhaust leaving at the opposite end. 
where the process feed enters. 

Another variation would arrange cocurrent flow of combustion gases and process gases. This scheme 
30 would require a hot seal on the exhaust end of the ceramic tubes. Such a seal might be made of fused glass 
or a ceramic cement, for example. The cold-end seal could be an O-ring or graphite foil type to allow tube ther- 
mal expansion. 

Closed-end, triple-concentric combustion tubes might be used, with the combustion gas exiting at the same 
end of the reactor where the air and fuel enter. This is illustrated in Figure 5. The open ends of these concentric 

3S tubes might be at either the process feed or at the process exit end of the reactor. 

The reforming catalyst and its ceramic support particles must be chosen according to a number of criteria. 
The catalyst must maintain sufficient activity over a long period of time at the high bed temperatures. It should 
be strong enough to support the bed weight above it It should have a particle size which is small enough to 
property fill the spaces between the tubes but large enough to minimize pressure drop through the bed to an 

40 acceptable value. It should not sinter-bond excessively to itself or to the tubes upon long exposures at the high 
temperatures. A suitable form of nickel on alumina is one possible candidate, but other catalysts are also repor- 
ted to be suitable. 

For hydrogen production, either a high-temperature shift catalyst and/or a low-temperature shift catalyst 
can optionally be placed within the reactor in the zone where the process gas is cooling and this will cause 
45 most of the CO to react with excess H 2 C to form more Hz with C0 2 as a byproduct (the so-called "water-gas 
shift" reaction). 

If syngas is desired for ammonia synthesis, an appropriate (usually small) proportion of compressed air 
may be added to the natural gas and steam, such that the product syngas wfll contain the desired ratio of H 2 
to N 2 (usually 3:1). This air addition will react in the catalyst bed during heatup, but will be low enough so as 
so not to produce an excessive local temperature rise in the bed. The overall reaction will remain endothermic. 
This method for making ammonia syngas does not require the addition of any oxygen aside from the air itself, 
which is a desirable cost savings versus some competing processes which require the separation of oxygen 
from the air. 

Cold reactor preheat could be achieved alternatively by other means than the electric resistance heater 
55 shown. For example, hot combustion gases could be introduced through supplementary nozzles in the reactor 
and circulated through the desired region. 

The upper operating temperature of the graphite foil seals is limited by oxidation by the air present on one 
side, if a controlled very slow leakage of process gas is permitted to occur through the seal, this could sweep 
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this air away from the seal material and permit the seals to exhibit long life at higher temperatures. Such an 
arrangement may be termed a purged seal condition. 

Many different types of thermal insulation might be used inside the pressure vessel. 

The maximum temperature of the combustion gases within the combustion tubes may be varied by adjust- 
5 ing the fuel composition and the fuel and air flow rates. Increasing the air flow rate progressively above the 
stoichiometric ratio will progressively lower the maximum local temperatures. Steam additions to the fuel can 
also reduce maximum temperatures. 

The reactor maximum process temperature can vary widely, as required. However, if the auto ignition con- 
dition is to be maintained, reactors using maximum process temperatures below about 500°C (depending upon 
10 the choice of fuel) f will normally require the selection of one of the closed-end combustion tube variants. In these 
cases, the maximum process temperature could be as low as perhaps 100°C. 

The reactor (shell-side) fluid could be of many different types, including gases, boiling liquids, liquids, or 
slurries containing fine solids. 'Gas to liquid condensation might also desirably occur in the coolest zone of the 
reactor. 

15 The combustion tubes might be made of various ceramics, depending upon the service conditions (tem- 

perature, corrosion/stresses, eta). In addition to alumina, other possible materials for some applications would 
be carbide ceramics such as silicon carbide or other oxide ceramics such as mullfte, stabilized zirconi, or the 
like. The use of external pressure will be a major advantage in controlling the combined stresses in the ceramic 
tubes to acceptable levels. Still other materials are also possible, such as metal tubes for lower-temperature 

20 applications. 

If the fuel chosen is a mixture of a hydrocarbon (such as natural gas) plus steam, a reforming catalyst might 
also be positioned within the tube 34 to cause the fuel to partially reform during its heatup and hence to both 
absorb more heat from the process gas (improving cooling) and to simultaneously increase the heating value 
of the fuel gas (improving heating). 

25 The following example is presented to illustrate the operation of an apparatus in accordance with the pre- 

sent invention and the advantages of very high temperature operation in producing syngas of superior compo- 
sition. Modifications of the physical dimensions will alter the operating parameters and so adjustements may 
be necessary to achieve the same results. 

The flow diagram shown in Figure 6 is presented to help understand the example presented here and the 

30 various parameters involved in the process of the present invention. 

Example 

A feed containing 2.5 volumes steam plus 1.0 volume natural gas (with an assumed composition of 90 
35 volume percent CH 4t 7% CjHe, 2% N 2 , and 1% COJ is passed through either a conventional reformer or this 
invention. The conventional reformer is similar to that described by Dwyer et al. (U.S. Patent No. 3,132,010) 
with a hot-zone reaction pressure of 155 psia, whereas the example of this invention uses 1070 psia for this 
pressure. The computed syngas compositions listed in Table 1 are based upon thermodynamic equilibrium 
compositions at the above pressures and at temperatures 20°C below the stated Table 1 peak temperatures. 
40 The compositions are tabulated after condensing water to 40°C. 
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Computed Syngas Compositions 



Conventional 

Radiant 

Reformer 



This 

Invention 



Reformer Peak Temperature ( 3 C) 



850 
140 



1170 
1140 



Dried Syngas Pressure (psia) 



Dried Syngas Comoosition (mole 2) 
H 2 



72.49 
15,97 
6,83 
3-60 
0.50 
0.61 



74.13 
20.56 
3-77 
0.96 
0.48 
0.10 



co 2 

CH 4 

N 2 

H 2 0 



Volume Dried Syngas /Volume Nat. Gas 
Percentage Methane Conversion 



3.93 
34.1 




Based upon data from Table 1 f the advantages of the apparatus of the present invention are that the syngas 
pressure is much higher, thus eliminating or reducing the need for syngas compressors, the methane conver- 
sion percentage is much higher, the syngas CO/H 2 ratio is much higher, and the syngas CO/C0 2 ratio is much 
higher. 

The new process may, if desired, be operated at still higher temperatures to obtain still higher methane 
conversions, CO/H 2 ratios, and CO/C0 2 ratios. It may also be operated at either higher of lower pressures 
and/or steam ratios. The ceramic tubes are less prone to coking than are metallic tubes under conditions of 
low steam ratios. 

The new invention allows very high rates of heat transfer per unit of reactor vessel volume. For example, 
the average rate of heat exchange between the process gas and the air/fuel/exhaust flow was calculated to be 
some 7 MW/m 3 for the reformer internal volume for a refbimer design in accordance with the present invention 
and based upon the stated example, and this figure is more than a factor of ten above the corresponding value 
for a typical radiant reformer. 

The invention has been described with respect to certain preferred embodiments. Various modifications 
and additions within the spirit of the invention will occur to or be made by those skilled in the art without departing 
from the concept of the invention. Therefore, the scope of the invention is to be determined by reference to the 
following claims. 



Claims 

1. A reaction apparatus comprising: 

a reaction vessel for effecting an endothermic reaction, and 

at least one heat generating means for heating said reaction vessel, said heat generating means 
enclosed by said reaction vessel; 

said reaction vessel having an input means for feeding a feed gas to be subjected to the endothermic 
reaction which results in a product gas into said reaction vessel, and discharge means for removing product 
gas from said reaction vessel; and 

said heat generating means comprising at least one ceramic combustion tube concentrically sur- 
rounding a fuel feed tube which extends at least partially along the length of and inside said combustion 
tube, said heat generating means having means for supplying fuel to said fuel feed tube and afr to said 
combustion tube whereby said fuel will combust in said combustion tube and generate heat which is trans- 
ferred into said reaction vessel by said combustion tube, and means for removing exhaust gases from said 
heat generating means. 

2. The apparatus of claim 1 wherein said reaction vessel contains a catalyst bed at least partially filling said 
reaction vessel to facilitate the endothermic reaction. 
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3. The apparatus of claim 1 wherein said feed gas enters said reaction vessel at a first end thereof and said 
fuel enters said heat generating means at an opposite end from said first end whereby the flow of the reac- 
tion and the combustion are countercurrent 

5 4. The apparatus of claim 1 wherein said ceramic combustion tube is alumina. 

5. The apparatus of claim 1 wherein said ceramic combustion tube is selected from the group consisting of 
alumina, silicon carbide, aluminum nitride, silicon nitride, and sialon. 

10 6. The apparatus of claim 1 wherein there are multiple combustion tubes. 

7. The apparatus of claim 2 wherein said catalyst bed comprises at least two catalyst zones. 

8. The apparatus of claim 7 wherein at least one zone is an inert zone. 

15 

9. The apparatus of claim 2 wherein said catalyst bed comprises a first section with a first catalyst for a first 
reaction and a second section with a second catalyst for a second reaction. 

10. The apparatus of claim 1 wherein said reaction vessel comprises a generally cylindrical shell surrounding 
20 said at least one combustion tube. 

11. The apparatus of claim 10 wherein said shell is metal. 

12. The apparatus of claim 10 wherein said shell further includes a layer of insulation on its inner surface. 

13. The apparatus of claim 1 further including means for preheating the air. 

14. The apparatus of claim 1 wherein said at least one combustion tube is mounted in contact with said reaction 
vessel by seals which allow said combustion tube to expand thermally. 

15. The apparatus of claim 14 wherein said seals are graphite seals. 

16. The apparatus of claim 14 wherein there are multiple tubes and each is free to expand thermally, indepen- 
dently of each other. 

17. The apparatus of claim 1 wherein there is an annular space between said combustion tube and said fuel 
feed tube and said air enters into said combustion tube via said annufus. 

18. The apparatus of claim 1 wherein said fuel feed tube comprises a metal tube. 

19. The apparatus of claim 1 wherein said fuel feed tube comprises a ceramic tube. 

20. The apparatus of claim 1 wherein the combustion tube is mounted by a means which applies an axial com- 
pressive force to the tubes. 
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FIG. 3 
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